The capacity to perform gas exchange with the environment is an evolutionary milestone of terrestrial development. The lung has undergone extensive alterations during evolution to acquire a large surface area to efficiently perform gas exchange between the oxygen-rich environment and the cardiovascular system. A process called branching morphogenesis has been used by the respiratory system to elaborate a simple endoderm tube into an extensive arborized organ that interacts closely with the vasculature to generate the proper amount of surface area to efficiently exchange oxygen and carbon dioxide with the cardiovascular system. The molecular mechanisms that regulate branching morphogenesis during lung development have been extensively investigated in the past decade. Many studies have highlighted the distinct morphological and molecular mechanisms that distinguish the structural conducting airways and the distal alveolar airspaces where gas exchange occurs. Despite this, there are still many remaining questions regarding how these distinct spatial units within the lung develop in a coordinated fashion. In the paper by Chang et al.
(1), the authors provide a model where the main branching program of the lung airways antagonizes the development of the alveolar unit. Using an elegant series of genetic models in mice, the authors show that a KrasSox9 molecular axis provides the necessary spatial information to allow for alveolar development to progress and establish the critical airspaces for gas exchange to occur in the postnatal respiratory system. Such information provides critical insight into congenital lung anomalies that likely involve disruptions in branching and early patterning, including cystic lung diseases.
Controlling Branching in the Lung
The process of branching morphogenesis is genetically hardwired for at least the first 16 branch generations in the human lung, indicating tight molecular control over the process. Importantly, an extensive epithelialmesenchymal signaling complex is required for initiating and promoting branch points at precise regions of the forming airway tree. Seminal experiments using tissue recombinants showed that the early distal mesenchyme surrounding the branching region of the developing lung has the ability to promote branching of the nonbranched proximal lung epithelium up to embryonic day (E) 13 of rodent development (2, 3) . These studies showed that factors expressed in the distal mesenchyme are sufficient to promote branching morphogenesis in a region of the airway tree that does not normally undergo branching. In the years since these findings were first reported, many additional studies have demonstrated the importance of multiple paracrine signaling pathways in regulating lung-branching morphogenesis, including Fgf, Bmp, and Shh (reviewed in refs. 4 and 5) . Of these, Fgf signaling appears to play a dominant role in this process. Fgf10 is expressed at high levels in the distal lung mesenchyme adjacent to sites of new branchpoint formation, where it signals to its cognate receptor Fgfr2 (6) . Ex vivo studies have shown that ectopic sites of Fgf10 lead to growth of new branches, at least partially driven by the mitogenic function of Fgf signaling on the lung epithelium (7). Fgf10 function is balanced in part by Bmp4 and Shh expressed in the developing distal tip lung epithelium. Bmp4 and Shh inhibit Fgf10 expression to create a bifurcation or cleft in the growing airway tip, which, in turn, generates two new branch points where previously there was only one. How Bmp4 and Shh inhibit Fgf10 expression in such a precise fashion and whether other mechanisms are involved has remained an open question in the field of lung development.
The complex paracrine signaling between the epithelium and mesenchyme also controls the development of spatially restricted progenitors within the developing lung endoderm that ultimately generate the diverse and unique epithelial populations required for postnatal lung function. The proximal and distal endoderm progenitor compartments can be identified by several important transcription factors, including Sox9 and Id2, which are expressed in the distal endoderm progenitors, and Sox2, which is expressed in the proximal endoderm progenitors. The proximal-distal patterning of these progenitors is mediated, in part, through the distinct paracrine signals emanating from the adjacent mesenchyme. Lineage tracing analysis of Id2
+ distal endoderm progenitor cells demonstrated that they are multipotent up to E13.5, exhibiting the ability to contribute to both distal and proximal compartments in the lung up to E13.5 (8) . After this period of development, Id2
+ distal progenitors are firmly committed to their distal fate and generate only alveolar epithelium. Thus, the precise proximal-distal patterning of endoderm progenitors is fluid until a certain point in lung development, after which they become committed to either a distal or proximal fate. Such a mechanism is likely required to generate the distinct functional niches within the lung, including the alveolar and conducting airway regions.
A New Role for Sox9 and Ras
Despite such knowledge, many questions remain open, including whether branching occurs in later lung development, what regulates this branching, and whether there are active inhibitors of branching in the proximal airways to set up this distinct niche within the lung. Chang et al. have attempted to address these questions using a series of genetic models to modulate important transcription factors and signaling pathways during lung development (1). The authors find that contrary to a previous study, which found no role for Sox9 in the developing lung, Sox9 is important for branching morphogenesis, and loss of Sox9 in the developing lung epithelium leads to hypoplasia with fewer distal branch numbers. Moreover, loss of Sox9 resulted in a noncell-autonomous loss of Fgf10 expression in the adjacent mesenchyme. This led the authors to hypothesize that Ras signaling acting downstream of Fgf could play an important role in branching morphogenesis in the lung. Indeed, when the authors ectopically activated Kras signaling in the developing lung epithelium, they observed an increase in branch point formation but inhibition of alveolar differentiation. Although the data by Chang et al. show formation of ectopic buds in the proximal bronchi and trachea through activation of Kras, the phenotype in the distal portion of these lungs is more complicated. In this region, activation of Kras leads to a loss of the fine-branching network, resulting in a general expansion of the epithelium that generates large sac-like structures. Additional investigation will be required to determine the unique differences in the role of Kras signaling in the distal versus proximal compartments in the lung.
Chang et al.
(1) also show that Sox9 appears to act downstream of Fgf/Ras signaling in the lung because loss of Fgfr2 in the lung epithelium leads to loss of Sox9 expression and expansion of Sox2 expression in the stunted tracheal tube in these mutants. However, these data should be interpreted with some caution because it has been well described that loss of Fgf signaling either through genetic inactivation of Fgfr2 or through expression of a dominant-negative Fgfr results in a loss of the entire branching compartment in the lung (9, 10). Thus, although loss of Fgfr2 may lead to loss of Sox9 expression, this could simply be attributable to the loss of the entire Sox9 + progenitor compartment, rather than a true molecular connection between these two pathways.
The necessity of an Fgf/Ras-Sox9 pathway that regulates the balance between distal and proximal endodermal progenitors in the lung is an important finding. The function of Sox9 has long been thought to be dispensable, but the current study changes that notion and places Sox9 in a group of transcription factors critical for differentiation of alveolar epithelial lineages. Transcription factors, including Foxp1/2 and Hopx, are also known to play important roles in regulating distal epithelial differentiation. Foxp1 and -2 are transcriptional repressors, and they inhibit expression of key markers of alveolar type 1 cells, including podoplanin (also known as T1α) (11) . Moreover, loss of Foxp1/2 leads to inhibition of alveolarization and decreased expression of critical regulators of lung development, including Nmyc and Hopx (11) . In turn, loss of Hopx results in increased surfactant production, accompanied by increased expression of alveolar epithelial gene expression (12) . Interestingly, loss of Sox9 leads to increased expression of maturation genes in the alveolar epithelium
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important for lung surfactant production, including Sftpb, Sftpc, and Napsa. This suggests that in addition to its necessity in defining the early distal lung epithelial program, Sox9 expression inhibits lung epithelial maturation at later time points. It will be important in future studies to determine whether any of these factors coregulate each other to promote alveolar epithelial differentiation.
The finding that Ras signaling plays a role in maintaining the distal Sox9 + progenitor niche is important in light of its role in lung cancer. Mutations in Kras and EGFR are the most common genetic lesions found in human non-small cell lung cancer. Several recent studies have shown that distal lung epithelial cells, such as the alveolar epithelial type 2 cells and cells located at the bronchioalveolar junction, can act as cells of origin for lung adenocarcinomas induced by activated Kras (13) (14) (15) . Some of these studies have demonstrated the reactivation of an embryonic expression program, including genes found in the distal tip progenitors, such as Sox9 and Id2 in Kras-mediated lung tumors (14) . Thus, the role of Kras in promoting lung epithelial branching morphogenesis is consistent with its role in maintaining and promoting a distal epithelial progenitor phenotype and inhibiting alveolar differentiation in both the developing and postnatal lung.
Pulmonary disease is one of the leading causes of morbidity and mortality in the world. The lung is a complex organ with contributions both from the primitive foregut endoderm, as well as cardiovascular lineages, and other mesodermal lineages that are required for its proper development and function. The studies by Chang et al. (1) reveal an additional layer of complexity and suggest that our understanding of the early developmental processes required for the proper patterning of airway epithelial lineages is still incomplete. Although these studies point to important molecular interactions between Kras, Fgf, and Sox9, the fact that these signaling pathways and transcription factors are already known to be important players in the lung and elsewhere exemplifies the old adage, "the more things change, the more they remain the same." The findings by Chang et al. have extended our understanding of early lung development and join the impressive knowledge base in patterning of the early lung endoderm, a topic that will continue to intrigue scientists for many years to come.
